Abstract. Chemoresistance is a major challenge for the successful therapy of breast cancer. The discovery of salinomycin as an anticancer stem cell drug provides progress in overcoming chemoresistance. However, it remains to be elucidated whether salinomycin treatment is able to sensitize cancer cells to chemotherapeutic drugs. In the present study, we consecutively treated epithelial MCF-7 and BT-474 breast cancer cells as well as mesenchymal MDA-MB 231 and MDA-MB 436 cells with salinomycin, and analyzed the gene expression of the two prominent multiple drug resistance (MDR) genes, MDR1 and BCRP1. We found that repeated treatment with salinomycin generated resistance against this drug in all cell lines and increased the chemosensitivity towards doxorubicin. Drug efflux pump gene expression and pump activity of MDR1 and BCRP1 were downregulated in almost all cell lines, except for MDR1 in the MDA-MB 231 cells. Consequently, the intracellular doxorubicin accumulation was increased compared to the respective parental cells. Our findings suggest a novel treatment option for MDR tumors by sensitizing these tumors via salinomycin pretreatment.
Introduction
The WHO reported that breast cancer is one of the leading causes of death and the most common cancer among women worldwide (1) . Important progress has been made in regards to breast cancer treatment in recent years, including novel targeted therapies (2) . However, classical chemotherapy is still most frequently used in the clinic and thus, chemoresistance is a severe complication of breast cancer therapy (3) (4) (5) (6) .
Approximately 30% of early breast cancer patients face a relapse involving increased resistance to chemotherapeutics and metastasis (7, 8) . Moreover, in later stages of breast cancer, the response rates of classical chemotherapeutics, e.g. taxanes and anthracyclines, have declined from 70 to 20-30%. Accordingly, research on drug resistance development and solutions to overcome drug resistance are urgently needed to improve the efficacy of chemotherapeutic drugs.
Salinomycin is an ionophore antibiotic, introduced in 2009 as a cancer stem cell targeting drug (9) . Salinomycin also inhibits cell survival, growth, migration and invasion of human non-small lung cancer cells (10) . Studies have shown that salinomycin induces cell death in breast (11) , ovarian (12) , as well as in head and neck cancer cells (13) . Moreover, salinomycin was found to inhibit cell growth in prostate (14) and pancreatic cancer cells (15) . Salinomycin treatment additionally reduces metastasis formation by decreasing the migratory capability of cancer cells (16) .
Further studies of salinomycin on overcoming drug resistance have also been conducted. Fuchs et al have shown that salinomycin overcomes ABC transporter-mediated multidrug-and apoptosis-resistance in human cancer cells (17, 18) . Salinomycin co-treatment was also found to increase doxorubicin and etoposide cytotoxicity by enhancing DNA damage and downregulating p21 (19) , to increase doxorubicin cytotoxicity in soft tissue sarcomas (20) , to elevate apoptosis in cisplatin-resistant colorectal cancer cells by accumulating reactive oxygen species (21) , and to induce apoptosis in cisplatin-resistant human ovarian cancer cells (22) . A combination of salinomycin and trail circumvents trail resistance in glioma cells (23) . We have previously shown that a combination of salinomycin and trastuzumab efficiently targets cancer stem cells and Her-2-positive cancer cells (24) . Moreover, a recent study by Kim et al have shown that combined treatment of salinomycin and doxorubicin enhances the cytotoxicity in multidrug resistant MCF-7/MDR human breast cancer cells by decreasing the efflux of doxorubicin (25) .
In the present study, we investigate whether consecutive treatment of salinomycin, i.e. analogous to the treatment regimen in the clinic, sensitizes cancer cells to standard chemotherapeutic drug treatment. We demonstrate that consecutive salinomycin treatment generates salinomycin-resistant cells with increased susceptibility to doxorubicin. Furthermore, salinomycin-resistant cells exhibit a downregulation of the prominent multiple drug resistance (MDR) proteins MDR1 and BCRP1. The reduced expression of these efflux pumps decreases the overall pump activity, which leads to an intracellular accumulation of drugs, i.e. doxorubicin and eventually increased cytotoxicity. Therefore, consecutive salinomycin treatment sensitizes the cancer cells to doxorubicin.
Materials and methods
Cell lines and culture. MCF-7, BT-474, MDA-MB 231 and MDA-MB 436 human breast cancer cells were purchased from ATCC. MCF-7 cells were grown in Dulbecco's modified Eagle's medium (DMEM) high glucose supplemented with 20% fetal calf serum (FCS) (both from Gibco) and 2 mM L-glutamine at 37˚C and 5% CO 2 . BT-474 cells were grown in RPMI-1640 medium (supplemented with 10% FCS) and 2 mM L-glutamine (both from Gibco) at 37˚C and 5% CO 2 . MDA-MB 231 and MDA-MB 436 cells were grown in L-15 Leibovitz's medium (Biochrom) supplemented with 10% FCS and 2 mM glutamine at 37˚C without CO 2 . Cells were routinely tested and confirmed as mycoplasm-free.
Molecular evolution assay. Cells (80% of confluency) were treated with salinomycin (Sigma-Aldrich, Germany) for 72 h as previously described (26) . The concentration of salinomycin was 500 nM for the MCF-7 and BT-474 cells and 50 nM for the MDA-MB 231 and MDA-MB 436 cells as mesenchymal cells display increased sensitivity to salinomycin (16, 27) . Thereafter, the treatment medium was replaced with fresh medium and cells were grown until recovery (80% of confluency). As soon as recovered, the cells were split for RNA analysis, as well as for the next treatment, and also seeded for the cell viability assay. R0 represents the untreated control cell line (parental cells), whereas R1, R2, R3, R4 and R5 represent cells that were treated for one, two, three, four and five times with salinomycin, respectively.
Cell viability assay. For the cytotoxicity assays, 5x10 3 cells were seeded into a 96-well plate (TPP) and incubated for 24 h. Cells were then treated with various concentrations of salinomycin, doxorubicin or verapamil (Sigma-Aldrich) for 72 h, followed by CellTiter-Glo assay (Promega, Germany) according to the manufacturer's instructions. Three replicas were analyzed.
The EC 50 was determined by GraphPad Prism software. The drug concentration was transformed into log scale, and a nonlinear regression (curve fit) was made.
RNA extraction and quantitative RT-PCR. Total RNA was extracted and isolated from cells using the miRCURY™ RNA isolation kit (Exiqon, Denmark). RNA was then reverse transcribed to cDNA from 1.0 µg of total RNA using the Transcriptor First Strand cDNA synthesis kit (Roche). Realtime PCR was then performed with the Light Cycler ® 480 using the Master Probes kit and the Universal ProbeLibrary (UPL) (all from Roche). All protocols were performed according to the instructions of the manufacturer. RT-PCR was performed using the following primers and UPLs: MDR1, UPL probe #7, left primer, caagcatctgccaaaacctc and right primer, ctgggtttccccctgtaaat; BCRP1, UPL probe #56, left primer, tggcttagactcaagcacagc and right primer, tcgtccctgcttagacatcc; GAPDH, UPL probe #45, left primer, tccactggcgtcttcacc and right primer, ggcagagatgatgaccctttt. GAPDH was used as an internal control. The results were analyzed using comparative threshold cycle (ΔΔCT method).
Internalization of doxorubicin. Cells were treated with 10 µM of doxorubicin for 3 h. The medium was replaced with fresh medium 1 h prior to imaging and FACS analysis. To perform FACS analysis, cells were prepared by trypsinization and measured with a CyAn™ ADP flow cytometer (DakoCytomation). Doxorubicin intracellular levels were analyzed using FlowJo software (Tree Star).
Statistical analysis. All data are presented as mean ± SD, and were analyzed using GraphPad Prism 5.0 software.
Results

Molecular evolution assays generate salinomycin-resistant cancer cells.
To mimic clinical applications of chemotherapeutics in vitro, we performed repeated salinomycin treatment of the epithelial breast cancer cell lines MCF-7 and BT-474, as well as of the mesenchymal breast cancer cell lines MDA-MB 231 and MDA-MB 436. We found that the consecutive treatment resulted in enhanced formation of salinomycin-resistant cells. The IC 50 value of salinomycin increased during the treatment cycles, both in the epithelial MCF-7 ( Fig. 1A ) and BT-474 cells (Fig. 1B) as well as in the mesenchymal MDA-MB 231 (Fig. 1C) and MDA-MB 436 (Fig. 1D ) cells. Furthermore, the resistant cells also displayed a decreased proliferation compared to parental cells, as indicated by a longer period of time to reach 80% confluency (Fig. 1A-D 
, right panel).
Salinomycin-resistant cells show enhanced sensitivity for doxorubicin. Since salinomycin acts on different targets than classical chemotherapeutics, we studied the cross-resistance to doxorubicin (5 µM) by performing cytotoxicity assay on both resistant (R5) and parental cells (R0). The results revealed that all of the MCF-7, BT-474, MDA-MB 231 and MDA-MB 436 salinomycin-resistant cells (R5) became more sensitive to doxorubicin compared to the parental cells (R0) (Fig. 2A) . Accordingly, a similar effect was observed when analyzing the IC 50 values for doxorubicin for the R0 and R5 cells (Fig. 2B ). Cells displayed a 2-to 7-fold increase in doxorubicin sensitivity for all of the corresponding R5 cells (Fig. 2C) .
Drug efflux pumps are downregulated in salinomycinresistant cells. A common mechanism in drug resistance is the upregulation and increased activity of efflux pumps, which play an important role in absorbing, distributing and eliminating drugs from the cells. We analyzed whether a decrease in multiple drug resistance (MDR) is responsible for the increased doxorubicin sensitivity in R5 cells. We therefore first determined the basal expression of the prominent efflux pump genes MDR1 and BCRP1 in all parental cells (R0) by quantitative RT-PCR. MDR1 was highly expressed in the BT-474 cells, whereas BCRP1 was highly expressed in the MDA-MB 231 cells (Fig. 3A) . Furthermore, the MCF-7 cells had the lowest efflux pump expression among the analyzed cells. To ascertain whether the consecutive treatment of salinomycin influences the expression of the drug efflux pump, we measured MDR1 and BCRP1 expression in the salinomycin-resistant cells (R5) and made a comparison to respective parental cells (R0). Both MDR1 and BCRP1 were downregulated in the MCF-7 and MDA-MB 436 resistant cells (Fig. 3B and E) . In the BT-474 salinomycin-resistant cells, MDR1 was downregulated, whereas BCRP1 was upregulated (Fig. 3C ) and in the MDA-MB 231 salinomycinresistant cells (Fig. 3D) , MDR1 was upregulated and BCRP1 displayed decreased expression.
Blocking the efflux pump activity affects chemoresistance mainly of parental cells.
In order to analyze whether the decrease in efflux pump expression affects the pump activity, we blocked these pumps with the selective inhibitor verapamil, and measured cytotoxicity upon doxorubicin treatment. In the MCF-7 parental cells, addition of verapamil increased the doxorubicin-induced cytotoxicity, whereas in the salinomycin-resistant cells addition of verapamil had almost no effect (Fig. 4A) . Similar effects were also observed in the cell lines BT-474 (Fig. 4B) , MDA-MB 231 (Fig. 4C ) and MDA-MB 436 (Fig. 4D) , and their corresponding salinomycinresistant descendants. Thus, the inhibition of the efflux pumps increased the doxorubicin-induced cytotoxicity mainly in the parental (R0) cells.
Salinomycin-resistant cells show increased intracellular doxorubicin accumulation.
As salinomycin-resistant cells downregulated the gene expression of drug efflux pumps and thus their activity, we also analyzed whether these cells show enhanced intracellular drug accumulation. We treated both the parental (R0) and the salinomycin-resistant (R5) cells with doxorubicin and studied the internalization of doxorubicin by image analysis (Fig. 5A) , and by measuring the intracellular doxorubicin level with FACS. We observed an enhanced accumulation of doxorubicin in the MCF-7, BT-474 and MDA-MB 436 salinomycin-resistant cells (R5) (Fig. 5A , B and D) compared to parental cells (R0). MDA-MB 231 salinomycin-resistant cells (Fig. 5C ) showed less accumulation of doxorubicin than parental cells (R0), which is in line with the enhanced MDR1 expression.
Discussion
Chemoresistance is still a major threat to successful cancer therapy. To investigate novel mechanisms and drugs circumventing therapy resistance, we consecutively treated epithelial and mesenchymal breast cancer cells with salinomycin and generated salinomycin-resistant cells. Numerous studies on cancer drug resistance utilize continuous drug treatment with increasing concentrations of the drugs (28) (29) (30) (31) . Unlike previous studies on salinomycin and doxorubicin (25,32), we consecutively treated breast cancer cells with the same concentration of salinomycin and gave the cells time to recover after each treatment round. This procedure was performed for five treatment cycles. Our settings sought to mimic the application process of chemotherapeutics in the clinic. There, the patient, and thus the tumor or residual tumor cells, also undergo a recovery phase during treatment cycles, as chemotherapy is only tolerated to a certain extent. The resistance formation in our assay exhibited no linear increase of the IC 50 value for salinomycin. We, therefore, concluded that the observed resistance formation is based on the principle of clonal selection. According to the clonal evolution theory, tumor cells display heterogeneity and genetic instability. When treated with chemotherapy, selection pressure is applied and some of the cells will survive the treatment. These cells will form a new polyclonal cell population with various new genetic predispositions (33) . After each round of the molecular evolution assay, different cell population may have survived and thus no linear increase in the IC 50 value was detected in our assay. Additionally, many different resistance mechanism possibly exist in parallel caused by the clonal selection in the molecular evolution assay. For example, we observed decreasing cell proliferation, indicating that salinomycin treatment eradicates fast growing cell populations. Unlike in several molecular evolution assays we performed with doxorubicin, the growth retardation here was only modest. A recent study by Kopp et al also showed that consecutive treatment of mesenchymal breast cancer cells with salinomycin resulted in resistance formation by mesenchymal to epithelial transition (MET) (27) . Notably, we observed that the salinomycin-resistant cells exhibited increased sensitivity to doxorubicin in both epithelial and mesenchymal tumor cells. As it was reported that combinational, i.e. simultaneous treatment of tumor cells with salinomycin and doxorubicin, cisplatin or etoposide increased the cytotoxicity (19, 21) , we hypothesized that in our assay the sensitivity of the salinomycin-resistant cells to other drugs may be increased as well.
The most important drug resistance mechanism is the upregulation and increased activity of ABC-transporters (ATP binding cassette transporter) (34) . Among these efflux pumps in charge of decreasing intracellular drug levels are p-glycoprotein [encoded by multidrug resistance 1 (MDR1) gene], breast cancer resistance protein (encoded by the BCRP1 gene), and multidrug resistance-associated proteins (encoded by MRP genes) (28, (35) (36) (37) . The ABC transporter family consists of membrane proteins that translocate a variety of substrates across extracellular and intracellular membranes (28) . They play an important role in absorbing, distributing and eliminating drugs from the cells (38) . Hence, the upregulation of efflux pumps decreases intracellular drug accumulation and increases drug resistance leading to multiple drug resistance (MDR) (39) .
Several MDR reversing agents modify cell membrane fluidity and increase cell membrane permeability (40) . Salinomycin is able to circumvent MDR by acting as an ionophore. Salinomycin, a transmembrane Na + /K + ionophore, is embedded in biological membranes (41, 42) , and thus by changing membrane integrity it is able to inhibit the activity of drug efflux pumps. Additionally, salinomycin disturbs the intracellular balance of ions by increasing the sodium ion level (42) (43) (44) . In the present study, we showed that MDR1 and BCRP1 were downregulated after repeated salinomycin treatment. The decrease in the expression of MDR proteins could occur via a direct and indirect mechanism. On the one hand, salinomycin was found to be an anticancer stem cell drug. One of the hallmarks of cancer stem cells is an increase in efflux pump activity (45) . That is why cancer stem cells are thought to be present in the so-called side-population (46) . Salinomycin eradicates this population, as seen by a decreased expression of stem cell markers (data not shown) thereby increasing the non-cancer stem cell fraction with low efflux pump expression. Due to the cyclic drug treatment, the offspring of these efflux pump-positive cancer stem cells, which usually accounts for less than 10% of the cell population, may also die out over time. Whether the killing of cancer stem cells and their offspring accounts for such a strong indirect effect in gene expression of efflux pumps and eventually doxorubicin sensitivity, remains to be elucidated. On the other hand, efflux pumps may be important for the direct execution of the salinomycin cytotoxicity, as they regulate the intracellular balance of molecules.
In contrast to the breast cancer cell lines MCF7 and MDA-MB 436, where MDR1 and BCRP1 expression was decreased upon consecutive salinomycin treatment, we observed an upregulation of some of these proteins in the BT-474 and MDA-MB 231 cells. BCRP1 for example was increased 7-fold in the BT-474 cells. However, the BCRP1 level in the BT-474 parental cells was very low compared to the other cell lines, thus the upregulation in salinomycin-resistant cells did not substantially influence the efflux pump activity, as shown by blocking the pump activity with verapamil. Doxorubicin is a substrate of p-glycoprotein (28), while verapamil acts as competitive inhibitor by directly binding to p-glycoprotein on a specific site (47) , thereby preventing doxorubicin efflux across the cell membrane. In contrast to the BT474 cell line, MDA-MB 231 salinomycin-resistant cells displayed a 6-times higher level of MDR1 which resulted in increased efflux activity. Therefore, the increased doxorubicin sensitivity was due to a different mechanism. Since ABC transporters are downregulated in salinomycin-resistant cells, we observed an enhanced doxorubicin accumulation. Doxorubicin induces DNA damage by generating malondialdehyde-DNA adducts induced by free radicals (48) . Hence, we suppose increased DNA damage in the salinomycin-resistant cells that finally led to cell death.
In conclusion, we demonstrated that consecutive salinomycin treatment generates salinomycin-resistant tumor cells and increases their susceptibility to doxorubicin by downregulating MDR1 and BCRP1 gene expression (except for MDR1 in MDA-MB 231 cells). These findings suggest salinomycin pretreatment of chemoresistant tumors in order to resensitize them to chemotherapeutics and therefore provide the fundament for novel approaches circumventing chemoresistance with salinomycin.
